Islet β-cells express both insulin receptors and insulin-signaling proteins. Recent evidence from rodents in vivo and from islets isolated from rodents or humans suggests that the insulin signaling pathway is physiologically important for glucose sensing. We evaluated whether insulin regulates β-cell function in healthy humans in vivo. Glucose-induced insulin secretion was assessed in healthy humans following 4-h saline (low insulin/sham clamp) or isoglycemic-hyperinsulinemic (high insulin) clamps using B28-Asp insulin that could be immunologically distinguished from endogenous insulin. Insulin and C-peptide clearance were evaluated to understand the impact of hyperinsulinemia on estimates of β-cell function. Preexposure to exogenous insulin increased the endogenous insulin secretory response to glucose by ≈40%. C-peptide response also increased, although not to the level predicted by insulin. Insulin clearance was not saturated at hyperinsulinemia, but metabolic clearance of C-peptide, assessed by infusion of stable isotope-labeled C-peptide, increased modestly during hyperinsulinemic clamp. These studies demonstrate that insulin potentiates glucose-stimulated insulin secretion in vivo in healthy humans. In addition, hyperinsulinemia increases C-peptide clearance, which may lead to modest underestimation of β-cell secretory response when using these methods during prolonged dynamic testing. beta cell | type 2 diabetes mellitus | insulin resistance | insulin clearance |
beta cell | type 2 diabetes mellitus | insulin resistance | insulin clearance | C-peptide I nsulin resistance and insulin secretory defects contribute to the pathogenesis of type 2 diabetes mellitus (T2D). These processes have largely been thought of as separate. Insulin and insulin-like growth factor-1 (IGF1) receptors and major insulin receptor substrates, IRS-1 through IRS-4, are present and functional in islets and/or β-cells (1, 2) . Furthermore, β-cell-specific insulin receptor knockout (βIRKO) mice manifest defective glucosestimulated insulin secretion and progressive glucose intolerance (3), leading to overt diabetes in some animals (1) . Likewise, deletion of IRS-1, IRS-2, or Akt2 alters glucose sensing and β-cell growth (4) (5) (6) . These murine models provide evidence implicating insulin signaling in the regulation of insulin secretion within β-cells and suggest a potential link between insulin resistance and the insulin secretory defect manifest in T2D.
In humans, insulin signaling proteins are more abundant in β-cells than in α-cells (7) . Insulin-stimulated insulin secretion has been demonstrated to occur in isolated human β-cells (8) suggesting that cellular and rodent studies may be applicable to humans. However, although the presence of functional insulin receptors in β-cells is clearly established in rodents and humans (9, 10) , it has previously been difficult to study the physiologic importance of this signaling pathway in humans in vivo. Insulin has largely been considered to have inhibitory effects on β-cells. Exogenous insulin infusion during euglycemia does not stimulate insulin secretion (11, 12 ). Yet effects in the basal, euglycemic state may differ from the stimulated, hyperglycemic condition. To date any effects of insulin to alter glucose stimulated insulin secretion in humans remains incompletely understood, and careful study of the feedback of insulin on insulin production has been limited by difficulty in distinguishing endogenous insulin from the infused product. To address this barrier, we developed a method of administering insulin analogs and using selective immunoassays to accurately discriminate endogenous from exogenous insulin.
Here, we evaluate whether β-cells are insulin responsive in healthy humans in vivo by determining whether preexposure to high physiologic insulin would alter the insulin secretory response to glucose. We performed paired isoglycemic-stepped hyperglycemic clamp studies in healthy persons, both with hyperinsulinemia and under sham clamp conditions using saline as a time and volume control. We administered an insulin analog that is biologically equivalent but can be distinguished immunogenically from endogenous insulin to permit a more direct assessment of β-cell function. We also assessed the impact of clamp conditions on insulin and C-peptide clearance. We found that, in healthy persons, preexposure to hyperinsulinemia potentiated glucose-stimulated insulin secretion.
Results

Validation of Differential Determination of Endogenous vs. Exogenous
Insulin. To directly assess endogenous insulin secretion in the setting of exogenous insulin infusion, we used a dual immunological approach with an RIA that detects total insulin (endogenous and exogenous) and an ELISA that detects only endogenous or native human insulin, not the B28-Asp exogenously administered insulin analog. Endogenous insulin alone was assessed across the physiologic range during glucose administration in the absence of exogenous insulin (during sham clamp graded glucose infusion) by both RIA and ELISAs, and insulin levels were compared. Fasting insulin concentrations were similar in both assays [4.7 ± 0.9 vs. 5.1 ± 0.7 μU/mL (32.8 ± 6.2 vs. 35.4 ± 4.9 pmol/L), RIA vs. ELISA, P = 0.3]. Likewise, the two assays were comparable for the assessment of endogenous insulin over a wide range of concentrations (R = 0.98, P < 0.0001; Fig. 1A ). To demonstrate the ELISA would not detect the exogenous insulin infused during the clamp study, both ELISA and RIA assays were used to evaluate the insulin in the B28-Asp insulin infusate. By RIA, total insulin in the infusate was 447,000 ± 41,000 μU/mL (310 ± 28 × 10 4 pmol/L) but was essentially undetectable by ELISA [2.6 ± 0.2 μU/mL (18.1 ± 1.4 pmol/L); P < 0.10
], demonstrating a greater than 100,000-fold selectivity of the ELISA for native insulin (Fig. 1B) . In human serum samples, the ELISA was also effective in differentiation of exogenous and endogenous insulin. Mean insulin concentrations measured over 3 h at steady state (60-240 min) during B28-Asp insulin clamps differed using the two assays [5.4 ± 1.0 vs. 157.3 ± 17.0 μU/mL (37.5 ± 0.7 vs. 1092.4 ± 118.1 pmol/L), ELISA vs. RIA, P < 0.00004], consistent with ELISA detection of endogenous but not exogenous insulin. Together these data demonstrate the ELISA detects only endogenous or native human insulin and not the B28-Asp insulin analog, whereas the RIA will detect both.
Effects of Insulin on Glucose-Stimulated Insulin Secretion. Fasting insulin concentrations were similar on the two study days [5.1 ± 0.7 vs. 5.5 ± 1.0 μU/mL (33.3 ± 4.8 vs. 38.0 ± 6.9 pmol/L), ELISA, sham vs. hyperinsulinemic clamp, P = 0.6]. By design, total insulin levels achieved during the two clamps differed and remained low [3.5 ± 0.5 μU/mL (24.6 ± 3.4 pmol/L) by RIA (60-240 min) on the day of the sham clamp] but were markedly increased during the hyperinsulinemic clamp with steady-state concentrations of 157.3 ± 17.0 μU/mL (1,089.3 ± 117.7 pmol/L), providing a differing and high physiologic level of insulin preexposure of the β-cells before the glucose infusion (P < 0.00004; Fig. S2A ). Subjects were insulin sensitive, demonstrated by steady-state whole-body glucose use rates (M) during the fourth hour of the hyperinsulinemic clamp of 11.1 ± 2.3 mg·kg
. The total volume infused on sham and insulin clamp days was similar (1,846 ± 96 vs. 1,942 ± 102 mL, sham vs. insulin clamp, respectively, P = 0.2). Importantly, glucose concentrations before the graded glucose infusion were similar during the sham and isoglycemic-hyperinsulinemia clamps (repeated-measures ANOVA, P = 0.4). Likewise, glucose concentrations achieved during graded glucose infusions (to promote insulin secretion) were highly similar (repeated-measures ANOVA, P = 0.6) (Fig. S2B) . Glucose use was at steady state by 30 min and remained constant without decline over the 4 h of the isoglycemic clamp (Fig. S2C) . During glucose-stimulated insulin secretion, while dextrose was administered at a rate of 8 and 10 mg/kg per min for 40 min each step on the day of sham clamp, glucose requirements to maintain similar glycemia were markedly higher following preexposure to insulin (an additional 12 ± 2 and 20 ± 3 mg·kg
, first and second step respectively, hyperinsulinemic vs. sham clamp, P < 0.0001).
After glucose stimulation, endogenous insulin concentrations were significantly greater with preexposure to insulin than for the same individuals with preexposure to saline ( Fig. 2 A and B) . The glucose-induced insulin secretion rate, calculated using the ELISA insulin determination, was 40% higher following preexposure to exogenous insulin than following saline [0.60 ± 0.15 vs. 1.04 ± 0.29 μU/mL/min (4.1 ± 1.0 vs. 7.2 ± 2.0 pmol/L/min), sham vs. insulin, P = 0.04]. Although the difference in the insulin secretion rate following preexposure to insulin compared with saline was the primary prespecified study endpoint, the difference in glucose-stimulated insulin secretion (GSIS) was significant by the end of the first glucose step (time 280 min, repeated-measures ANOVA, P = 0.05) and more marked when considering all time points following GSIS (repeated-measures ANOVA, P < 0.004). Likewise, endogenous insulin calculated as area under the curve (AUC) increased 42% with insulin preexposure (2,617 ± 1,368 vs. 3,723 ± 2,428 μU/mL/min, sham vs. insulin clamp, P < 0.03). Similarly, total insulin (endogenous and exogenous assessed by RIA) showed greater increase during GSIS following insulin preexposure (Fig. 2C ). Together, these data suggest that exogenous insulin does not suppress endogenous insulin production under isoglycemic conditions; in fact, preexposure to insulin augments glucose stimulated insulin secretion.
Exogenous insulin has previously been suggested to suppress insulin secretion, based on reduced C-peptide levels following insulin (11, 12) . Of note, at the end of the 4 h of sham compared with isoglycemic-hyperinsulinemic clamp, endogenous insulin concentrations (ELISA) were similar. Consistent with all other reports, we too demonstrated reduced C-peptide concentrations over the isoglycemic period of insulin administration, C-peptide concentrations were lower at the end of the 4 h of isoglycemichyperinsulinemic clamp [1.2 ± 0.1 vs. 0.87 ± 0.1 ng/mL (0.41 ± 0.03 vs. 0.29 ± 0.04 nmol/L) sham vs. insulin clamp, P = 0.05]. However consistent with our hypothesis that insulin preexposure may augment glucose-stimulated insulin secretion, during hyperglycemic stimulation the fold increase in C-peptide was 38% greater following exposure to high compared with low physiologic insulin concentrations (Fig. 2D) . Differences between concentrations of endogenous insulin and C-peptide could occur because of altered secretion (13) or because of altered clearance rates of either insulin or C-peptide under the hyperinsulinemic clamp conditions. Therefore, we directly assessed both insulin clearance and C-peptide clearance at both low (sham clamp) and high physiologic insulinemia (discussed below).
Although the two experimental conditions were associated with closely matched glycemia, the hyperinsulinemic clamp induced changes in additional hormones and metabolites that could participate in the altered β-cell secretory response. Concentrations of glucagon, free fatty acids (FFA), potassium (K), cortisol, and catecholamines, epinephrine, and norepinephrine were all similar at baseline on the 2 study days (Fig. S3) . However, glucagon (45.1 ± 2.7 vs. 29.1 ± 3.5 pg/mL, sham vs. insulin clamp respectively, P < 0.0002), FFA (0.51 ± 0.10 vs. 0.03 ± 0.002 mEq/L, P = 0.0002), and potassium (4.1 ± 0.1 vs. 3.6 ± 0.1 mg/dL, P = 0.0001) were significantly lower and norepinephrine (0.11 ± 0.02 vs. 0.17 ± 0.02 ng/mL, P = 0.005) higher at the end of the 4-h isoglycemic hyperinsulinemic clamp (time 240 min) compared with sham clamp.
Insulin Clearance. Higher insulin concentrations achieved during GSIS following preexposure to exogenous insulin might be a function of increased secretion or decreased insulin clearance. The latter might occur if clearance mechanisms had been satu- Fig. 1 . Endogenous and exogenous B28-Asp insulin (Novolog) are immunologically distinct. Regression plot of endogenous serum insulin assessed by RIA or ELISA during glucose induced insulin secretion in healthy persons demonstrates excellent agreement between assays (A). In contrast, B28-Asp insulin infusate can be detected by the RIA assay but not by the ELISA used (B). *RIA assay was performed at 1:100,000 dilution; ELISA was performed undiluted.
rated by the exogenous insulin infusion. Exogenous insulin, calculated by total (RIA) minus endogenous (ELISA) levels did not rise over the interval of GSIS 151.5 ± 13.7 μU/mL (1,052.2 ± 95.1 pmol/L; Fig. S2A ), suggesting that insulin clearance is not altered. However, to measure insulin clearance directly, we performed paired studies again with low insulin (saline/sham clamp) or high insulin (isoglycemic hyperinsulinemic clamp using B28-Asp insulin). In these studies, Regular human insulin, indistinguishable from endogenous insulin by the ELISA, was administered at 240 min. Again glucose levels were similar on the 2 study days, both before and during the assessment of insulin clearance (Fig. S4A) . Whole-body (including hepatic) insulin clearance fit a two-compartment model and was cleared at a similar rate under both low and high insulin preexposure conditions ( Fig. 3A and Fig. S4B ). Likewise, analysis revealed no significant difference in any of the fractional transfer rates between the two groups. Thus, we conclude that there was no difference in kinetics of insulin disappearance between subjects under low and high insulin conditions. C-Peptide Clearance. As endogenous insulin concentrations were higher during glucose-stimulated insulin secretion following preexposure to hyperinsulinemia, and as insulin clearance was not saturated, we assessed the effects of hyperinsulinemia on C-peptide clearance in another cohort of healthy subjects. Glucose concentrations were again similar on the sham and insulin clamp days, 85.6 ± 1.3 vs. 85.2 ± 1.8 mg/dL (4.75 ± 0.07 vs. 4.73 ± 0.10 mmol/L; 0-240 min, respectively; repeated-measures ANOVA, P = 0.4). Serum insulin concentrations achieved during steady state of the hyperinsulinemic clamp were 163 ± 11 μU/ mL (981 ± 68 pmol/L) compared with 3.6 ± 0.6 μU/mL (25 ± 4 pmol/L) on the saline sham day (P < 0.0001). Free fatty acid levels, as expected, were suppressed under hyperinsulinemia, 0.40 ± 2.0 μmol/l vs. 0.02 ± 0.02 (P < 0.0001) sham compared with insulin clamp conditions. Whole body glucose use (M) during the last 60 min of the isoglycemic-hyperinsulinemic clamp was 9.6 ± 2.5 mg·kg min, sham vs. insulin clamp, P < 0.002; Fig. S4C ]. Serum tracer 13 C-C-peptide concentrations were also significantly reduced during hyperinsulinemia [1.20 ± 0.01 vs. 1.11 ± 0.080 ng/mL (0.40 ± 0.02 vs. 0.37 ± 0.01 nmol/L) sham vs. insulin clamp (time 180-240 min), P < 0.03]. The calculated metabolic clearance rate of 13 C-C-peptide increased 7% during hyperinsulinemic clamp (4.08 ± 0.08 vs. 3.76 ± 0.05 mL·kg −1 ·min −1 at steady state, P < 0.05; Fig. 3B ). These findings demonstrate, under isoglycemic-hyperinsulinemic conditions in healthy humans, that C-peptide clearance is increased.
Discussion
Insulin resistance precedes T2D. β-Cell dysfunction also predicts T2D, and many genes that confer diabetes risk have physiologic importance for β-cell function. Insulin secretion and action are coupled; with increasing insulin resistance, there is a proportional greater secretory response to maintain similar glycemia (14) . Diminished insulin secretion and action have been considered separate processes; yet the presence and functional activity of the insulin receptor and its signaling proteins within the β-cell suggest that insulin could regulate its own secretion.
We used combined isoglycemic-hyperinsulinemic and hyperglycemic clamps compared with sham clamps to study effects of preexposure to insulin on glucose-stimulated insulin secretion (GSIS). Using immunoassays to differentiate endogenous (secreted) from exogenous (administered) insulin, we demonstrated that preexposure to insulin augments the β-cell secretory response to glucose in healthy humans. In vivo, preexposure over 4 h to insulin under isoglycemic conditions increases the β-cell secretory response to glucose by ≈40%. We postulate that effects may be altered in persons with insulin resistance, providing a mechanism contributing to the coupling between insulin secretion and action.
Although higher circulating insulin levels during hyperinsulinemia might have been due to saturation of insulin clearance, this was not observed in parallel studies evaluating the metabolic clearance rate of insulin at hyperinsulinemia. Our measures of insulin clearance differ from normal physiology, as β-cells release insulin into the portal circulation and we administered insulin to the peripheral circulation. Whereas in vivo hepatic extraction occurs largely during the first pass through the liver, effects of the liver to clear insulin would be seen in the whole-body model of elimination that we used to calculate insulin clearance. Consistent with the physiologic relevance of our findings, the increased insulin concentrations achieved in the plasma during the chronic infusions in our studies are unlikely to exceed intraislet concentrations anticipated to occur near β-cells in vivo, which could be substantially higher because of the local release of insulin.
Although whole-body insulin clearance is not saturated at high physiologic insulin concentrations achieved during hyperinsulinemic clamp, we demonstrated using stable isotope labeled C-peptide techniques that C-peptide clearance increases modestly during isoglycemic hyperinsulinemia, accounting for more than 20% of the decreased C-peptide levels. These findings suggest that β-cell function may be modestly underestimated using methods based on C-peptide measured during sustained hyperinsulinemia or high insulin flux.
We recognize that our human in vivo experiments are limited, as we cannot demonstrate insulin signaling in β-cells directly. Reduced glucagon levels during hyperinsulinemic clamp suggest physiologic insulin action within the islet, albeit via the α-cell (15). Our findings that insulin can augment GSIS in healthy humans in vivo are consistent with a growing body of work. In humans and in rodent models of diabetes and obesity, β-cells compensate for insulin resistance with both increased mass and function (16, 17) . Recent studies demonstrate the presence and importance of insulin signaling in the β-cell, and insulin and insulinlike growth factor-1 (IGF1) receptors participate in β-cell development and function (1, 5) . Genetic engineering techniques to knockout or knockdown IRS proteins in the insulin signaling pathway either at the whole body level or in β-cells demonstrate their significance in glucose homeostasis (4, 6, 18, 19) .
Mice with a β-cell-specific insulin receptor knockout (βIRKO), an example of β-cell insulin resistance, manifest defective glucosestimulated insulin secretion, progressive glucose intolerance, and increased rates of diabetes (1, 3) . Insulin exerts a positive effect on its own synthesis (20) , and stimulation of β-cells with exogenous insulin leads to increased intracellular Ca 2+ suggesting insulin also stimulates its own secretion by mobilizing Ca 2+ from the endoplasmic reticulum (19) . Insulin modifies intracellular insulin processing, leading to altered secretion of prohormone and metabolites (21) . Consistent results are seen using the insulinmimetic compound L-783281 (22) . Insulin appears to act differentially via type A and type B insulin receptor isoforms to modulate insulin and glucokinase gene expression, respectively, in murine β-cells (23) . Higher insulin concentrations may induce β-cell glucokinase expression, potentiating glucose-stimulated insulin release. Finally, at euglycemia, glucose effects on β-cell growth and survival require activation of insulin signaling proteins (24) , and hyperglycemia-induced reduction in expression of insulin receptor and activation of the proapoptotic cascade is physiologically antagonized by insulin signaling through the IRS-PI 3kinase-AKTBad cascade (25, 26) . Together these studies show an important role for the insulin signaling pathway in β-cell development and function, and support a link between insulin action and secretion.
Multiple studies support the relevance of insulin signaling in human β-cells. Oligonucleotide microarray analysis and real-time PCR on isolated pancreatic islets from humans with T2D show reduced insulin receptor, IRS-2, and Akt2, and increased phosphatidylinositol phosphatase SH2 domain containing inositol 5-phosphatase 2 (SHIP2) mRNA expression, which would reduce insulin signal transduction (27) . Insulin also stimulates Ca 2+ mobilization and promotes de novo insulin synthesis in human transplantable islets (9) . Islets with a polymorphism in IRS-1 associated with human T2D (28) have reduced insulin content, fewer mature insulin secretory granules, and impaired insulin secretion to glucose (18, 29) .
Our findings that preexposure to insulin enhances GSIS differ from those of Del Prato et al. (30) , who demonstrated euglycemic hyperinsulinemia of 72-96 h did not augment β-cell secretory response to glucose. There are several differences in study design. First, the dose of insulin was 0.25 mU/kg/min, ∼10% of the dose that we studied, leading to differences in β-cell insulin exposure (mean ∼48 vs. 1089 pmol/L). Second, in their study, the duration of preexposure was considerably longer and was sufficient to induce insulin resistance manifest as decreased whole-body glucose disposal, apparent after 48 h of sustained insulin exposure. This effect could be due to down-regulation of insulin receptors and insulin signaling following prolonged exposure to hyperinsulinemia (31), a process that we speculate may also occur within the islet. As such, constitutive-basal secretion of insulin by β-cells would permit down-regulation of insulin receptors and signaling proteins, as demonstrated in islets from persons with T2D (27) , and might confound the effects of additional ligand. In addition, β-cell function was estimated using C-peptide, which could modestly underestimate the secretory response. The shorter duration of exposure to hyperinsulinemia in our studies was not associated with decreasing glucose disposal, and might be more similar to fluctuations in vivo following meals, although we did not perform studies with insulin preexposure of less than 4 h.
We also demonstrate increased metabolic clearance of Cpeptide during isoglycemic hyperinsulinemia, which is important, as C-peptide concentrations are frequently used to estimate β-cell function, assuming that clearance is stable over the dynamic range of insulin occurring during provocative studies. Metabolic clearance rates for C-peptide are similar following peripheral or intraportal infusions of biosynthetic C-peptide (32) . The kidney participates in clearance by glomerular filtra-tion and peritubular extraction, removing 30-70% of C-peptide compared with 10-30% of insulin (33) . Insulin induces systemic and renal vasodilation and increases glomerular filtration (34, 35) , which could underlie effects of hyperinsulinemia to induce C-peptide clearance. Consistent with our findings, renal metabolic clearance of C-peptide was increased in the postprandial state (36) . Previous human studies have shown that C-peptide metabolic clearance decreases ∼7% after elevation of circulating FFA concentrations induced with intralipid/heparin infusion (37) , an amount comparable but opposite in direction to the magnitude of change in our studies, which were associated with a drop in FFA concentrations.
Yet the increase in C-peptide metabolic clearance rate does not fully explain the reduction in circulating concentrations following hyperinsulinemia. Insulin is crystallized within the secretory granule, whereas C-peptide remains soluble, contributing to differential intracellular degradation of the two proteins (38) . Neerman-Arbez and Halban (13) evaluated cellular degradation of C-peptide in INS cells using a pulse-chase experimental approach. The intracellular insulin to C-peptide ratio (I/CP) began to rise within 2-4 h of stimulation, which is within the time frame of our investigations. This ratio was inverted in the medium without extracellular degradation of insulin or C-peptide. Their findings are consistent with progressive intracellular degradation of C-peptide from functionally competent granules, and suggest that I/CP ratios may be variable under some physiologic conditions. Thus, secretory and clearance mechanisms might both contribute to reduced circulating C-peptide concentrations.
We cannot differentiate direct from indirect effects of insulin on β-cell function. Additional hormones and metabolites that might indirectly alter β-cell function were assessed, including glucagon, cortisol, adrenergic hormones, FFA, and potassium. FFA differed most. Chronic elevation of FFA has been associated with β-cell lipotoxicity and decreased GSIS in humans (39) . Hence, FFA suppression might improve GSIS, and raises the question of whether the differences that we observed were indirect effects of hyperinsulinemia mediated by suppression of FFA. Alternatively, maintenance and acute elevation of circulating FFA are associated with enhanced GSIS (39, 40) . Based on these data and the fact that healthy subjects in our study had not been chronically exposed to elevated concentrations of FFA, we do not postulate that the observed improved GSIS is a result of decreased FFA. Finally, while FFA concentrations are reduced, it is possible that FFA flux is increased, contributing to the effect of insulin to potentiate GSIS. Thus, we cannot exclude the possibility that indirect effects of FFA or other hormones or metabolites contribute to the effects of insulin to regulate β-cell function.
Furthermore, in the pancreatic islet, α-adrenergic activity predominates over β-adrenergic activity. α-Adrenergic stimulation inhibits insulin secretion such that insulin stimulation is suppressed during sympathetic stimulation associated with stress (41) . Glucagon can promote insulin secretion independent of the effects on glucose (42) and is a potent nonglucose secretagogue. Likewise, low serum potassium is associated with attenuated insulin secretion (43) . Thus the increase in norepinephrine and/ or decrease in glucagon or potassium observed during hyperinsulinemic compared with sham clamp might each be expected to decrease the β-cell secretory response. Despite these changes in hormones and metabolites observed during the insulin clamp, enhanced GSIS was demonstrated. Careful control of any or all of these variables might enhance the observed effect of insulin to potentiate β-cell function.
At isoglycemia, requirements for insulin levels to be maintained are not altered. During administration of exogenous insulin, we administered dextrose to maintain glycemia, and endogenous insulin concentrations did not fall. It is interesting to consider the physiologic relevance of a positive feedback loop of insulin on β-cell function, also seen in cellular studies (8) . Insulin secretion is biphasic. Early insulin secretion is important to maintain normal glucose tolerance for its role to suppress endogenous glucose production and prime insulin sensitive tissues. In patients at risk for or with T2D, abnormalities occur in both the relative amount and pattern of insulin release. Firstphase insulin secretion is diminished (44, 45) . Although our 4-h preexposure to isoglycemic hyperinsulinemia was longer in duration compared with the early insulin secretory response, the acute response may play an additional role in β-cell priming. Notably, whereas insulin release in response to i.v. glucose is diminished in individuals with T2D, insulin response to the nonglucose stimulant, arginine, is preserved (44) . This differential β-cell response to the different secretagogues is paralleled in the βIRKO model (3), which also showed reduced glucokinase expression in the β-cell (46) . Together, these data suggest that the effects of insulin on the β-cell may be specific for regulation of the physiologic response to glucose. Location of receptors on the apical and/or basolateral surface of human β-cells relative to the release of secretory granule content remains incompletely understood and is difficult to assess using immunohistochemistry. Cellular architecture might modulate the feedback loop between local and systemic insulin concentrations and effects on secretion. Finally, one cannot exclude the possibility that the effect of insulin preexposure to augment GSIS is mediated by β-cell rest provided by the 4 h of insulin administration at isoglycemia. These findings may have relevance in the pathogenesis of T2D, or in therapy whereby insulin or other oral therapies such as insulin sensitizers may protect β-cell function.
In conclusion, our findings demonstrate that insulin potentiates the β-cell insulin secretory response to glucose in healthy, insulin-sensitive persons. These findings are consistent with our hypothesis that the human β-cell is an insulin-responsive tissue. Finally, we hypothesize that insulin regulation of glucosestimulated insulin secretion might be altered in persons with insulin resistance or T2D and might contribute to the progressive loss of β-cell function in individuals with T2D.
Materials and Methods
To test whether insulin could enhance the β-cell insulin secretory response to glucose, subjects were evaluated during paired studies conducted in a singlemask design, of either 4 h of saline (sham clamp/low insulin) or isoglycemic hyperinsulinemia (high insulin) immediately followed by glucose administration. Additional details and insulin and C-peptide clearance methods are described in SI Text, along with subject characteristics.
